ABSTRACT. Addition of hemin to the nuclear reconstitution system of Xenopus interphase egg extract using sperm head chromatin resulted in abnormal pseudonuclei exhibiting flattened membrane patches randomly distributed both on the surface and inside the nuclei. Thestructures that resembled nuclear pores were observed on these flattened membranepatch structures. Although the nucleosome structure was formed as revealed by the micrococcal nuclease digestion, the B-type lamin uptake into the nuclei was inhibited by hemin. Using heminagarose affinity chromatography, we isolated several hemin-binding proteins from fully reconstituted pseudonuclei. Some of the hemin-binding proteins bound concanavalin A (Con A). Comparison of hemin-binding proteins with those isolated from both fractions of supernatant and pellet separated by high speed centrifugation of the egg extract showed that the hemin-binding proteins of pseudonuclei were supplied from both fractions. The uptake of nuclear hemin-binding proteins did not occur in the incompletely reconstituted nuclei resulting from addition of excess spermchromatin to the system. These results suggest that the hemin-binding proteins participate in the late steps of nuclear reconstitution during formation of the nuclear envelope.
the mitotic phase. Following these changes of nuclear structure, the organization of the genomeis correctly restored. Although much information has emerged as to individual phenomena during nuclear reconstitution after mitosis of cells, howcomponentproteins of the nucleus interact to form a functioning nucleus is still unknown. Difficulties emerge when using whole cells as test material. To overcome these difficulties, a cell-free nuclear reconstitution system derived from Xenopus interphase eggs has been employed (3, 18) . Studies have shownthat the nuclear reconstitution system of Xenopus egg extract provides a suitable system for investigating various aspects of nuclear reconstitution (2). By applying biochemical approaches to the detailed process involved in the assembly of protein components into the nuclei, the assembly processes of histones, lamin, nuclear pore proteins, and DNAreplication proteins have been studied (1, 5, ll, 15, 17, 26) . Nevertheless, it has been speculated that many other proteins which might play key roles in the reconstitution process of nuclei await to be found by new methods. In this study, we have used hemin to elucidate the role of a new class of protein involved in the reconstitution process of the nuclear envelope of psuedonuclei from sperm chromatins in Xenopus interphase egg extract. Hemin is a versatile regulatory molecule known to regulate a variety of cellular processes such as differentiation, transcription, post-transcriptional processing, and protein degradation in a variety of systems (4, 6, 8, 20, 24, 34) . Hemin interacts with biological membrane (10, 27) and the proteins in the cell membranes of bacteria and red cells (21, 29) possibly by its hydrophobic nature originating from porphyrines. Thus, using it, weexpect to find a newclass of proteins embeddedin the nuclear membranewhich participates in nuclear envelope reconstitution at anaphaseof mitosis. Herewe documentthat hemininduces incomplete nuclear envelope reconstitution of sperm head chromatin in Xenopus interphase egg extract possibly by binding to a special class of proteins. Uponobservation of the detailed structure of chromatin reconstituted in the presence of hemin,wewere able to characterize the step of the reconstitution process in which the hemin-binding proteins are incorporated into the reconstituting chromatin.
MATERIALA AND METHODS

Reagents
Heminand hemin-agarose were purchased from WakoPure Chemical Industries, Ltd. and Sigma, respectively. Hemin was dissolved in solution A (16 mMKC1/20 mMTris-Hcl, pH 7.8) and stocked at -20°C until use.
Preparation of egg extract and sperm chromatin Demembranated sperm head chromatins were prepared from Xenopustestis and stored frozen at -80°C until use as described previously (3). Extracts from Xenopus interphase eggs were prepared as described previously (30) , rapidly frozen, and stored at -80°C until use.
Nuclear assembly assay Assays were performed as described previously (13). Aliquots of interphase extract were mixed with reagents plus demembranatedsperm chromatins. A typical reaction consisted of 20 [x\ extract, 2 mMATP, 20 mMphosphocreatine, 50 fig /ml creatine phosphokinase, and sperm nuclei (l ,000///l reaction mixture). Reaction mixtures were incubated at 22°Cfor the indicated times.
Electron microscopy
After incubation for the indicated times a 60 (A aliquot of egg extract containing sperm chromatins was added to 1 ml of 5 mMsodium phosphate (pH 7.4) containing 2% glutaraldehyde. After further incubation for 3 h at 4°C, a pellet was obtained after centrifugation at 1,500 x g for 5 min. The pellet was processed for electron microscopy as previously described (32) .
Depletion of hemin-binding protein from the egg extract by hemin-agarose Hemin agarose (Sigma) pre-equilibrated with MWbuffer (500 mMsucrose, 2 mMMgCl2, 50 mMKC1, 10 mMHepes-KOH, pH 7.6) was added to the egg extract (1:10, v/v) and the mixture was incubated for 10 min at 4°C with gentle shaking. After removal of beads by centrifugation at 1,000 rpm for 3 min at 4°C, the sperm chromatin (250/fA extract) were added and incubated for 2 h at 22°C to test the reconstitution of pseudonuclei.
Isolation of hemin-binding proteins with use of heminagarose
Hemin-binding proteins from the Xenopus interphase egg extracts and the reconstituted nuclei were isolated using a hemin-agarose affinity resin according to the methods described earlier (21) . Hemin-binding proteins were resolved by SDSPAGEand stained by the silver staining method.
Immunoblot analysis of lamin and concanavalin A-binding protein SDS-gel electrophoresis, immunoblotting to PVDF membrane, and detection of proteins were performed essentially as previously described (22, 23 (Fig. 2) . Inversely, the ratio of Type 2 increased first and then declined rapidly but the ratio of Type 3 increased almost linearly as hemin concentration increased. At 200 fiM hemin concentration, approximately 80% of chromatin became Type 3 after 2 h incubation.
To examine the process of the changes in form of chromatin in the presence of hemin in more detail, the time course of the changes was examined. As shown in Fig DNAin pseudonuclei formed in the egg extract begins to replicate during the early phase of swelling (30) . This reaction is one of the indexes for perfection of the reconstitution in nuclear matrix region. Fig. 5 shows the effect of hemin on DNAsynthesis. Hemin above 50 fiM concentration inhibited DNA synthesis completely. Partial DNAsynthesis in the chromatin was not observed at these concentrations of hemin in another experiment using BrdUTP and cytochemical method (30) (data not shown). Thus the reconstitution of nuclear structure responsible for DNAreplication failed to occur in the presence of hemin at above 50 fiM.
The flattened membranepatches in sperm chromatin incubated in a hemin-blocked preparation Contrast optics microscopy of the Type 3 sperm chromatin ( Fig. IF) showed an absence of the phase dark structures which are diagnostic of nuclear envelope assembly suggesting the lack of nuclear membranes. To examine whether the nuclear envelope had indeed not formed in the presence of hemin, the ultrastructure of the chromatins was examined at several incubation period. Weused hemin at a concentration of 50 /jM since the sperm chromatins incubated in the presence of hemin at more than 100 fiM were too fragile to sample for electron microscopy. After 2 h incubation, 10 /^1 aliquots were withdrawn to determine incorporated [3]TMP. Value for 100% activity was 7,600 cpm. Fig. 6 . Ultrastructure of hemin-blocked chromatin. Sperm chromatin was incubated in the egg extract in the presence of 50 ftM hemin. At 10 min (A), 20 min (B) or 120 min (C) incubation period, the chromatin was processed for electron microscopy as described under Materials and Methods. In A, two chromatins are evident, one is a decondensing sperm head (indicated by arrow). In C, numerous double-layered nuclear membranes are shown inside the chromatin (several of them indicated by arrow heads). Arrow in C shows loose cleft. Bars, 1 fjtm. Fig. 7 . Process of formation of double-layered nuclear membraneand nuclear pore in hemin-blocked chromatin. Sperm chromatin was incubated in the egg extract in the presence of 50 //M hemin. After 10 min (A), 20 min (B) or 120 min (C, D) incubation period, the chromatin was processed for electron microscopy as described under Materials and Methods. In B and C, nuclear pores of the double-layered nuclear membranes and pre-nuclear pore-like structure are shown (arrows, nuclear pores; small arrowheads, pre-nuclear pore-like structure). In C and D, cross section images of nuclear pores are shown(large arrowheads). The cross section image of a nuclear pore observed in D (indicated by arrow) shows the representative structure of nuclear pore complex. Bars, 0.1 /mi. bation period, all the sperm chromatins transformed to the decondensed form as shown in Fig. 6B , although numerous membtanevesicles attached but did not fuse to each other to form a double-layered nuclear membrane on the majority of sperm chromatins. After 2 h incubation, these membranevesicles fused onto the hemin-blocked chromatins to form the flattened membrane structures (Fig. 6C) , but, strikingly, these membrane structures were not continuous. The membrane structures appeared as patches on the surface of chromatins with some of the patches actually enfolded in the inside region of the sperm chromatins. Most of sperm chromatins were of this sort, which was scarcely observed in the non-blocked control preparation. Folded chromatin such as that shown in Fig. 6B and the round chromatin with a loose cleft (arrow in Fig. 6C ) were often observed in the hemin-blocked preparation.
On the basis of these observations and those in Fig. 4 of curved spermchromatin, wespeculated that someof the membranepatches becameengulfed inside the nucleus during the folding movementof the chromatin. Next, to pursue how these membranepatches were formed and whether they carried nuclear pores, we examined the time course of formation of membrane patches along with its nuclear pore at the ultrastructural level. At 10 min incubation, numerous membrane vesicles attached to the surface of chromatins, but no nuclear pore was observed (Fig. 7A ). As shown in Fig.  7B , part of the membrane vesicles flattened to form membrane patches with numerous nuclear pore-like structures (arrows in Fig. 7B ) after 20 min incubation. After 2 h incubation, all of the flattened membrane patches possessed this pore-like structure (Fig. 7C ).
Furthermore, structures that protruded inside the membrane vesicles on the side attached to chromatin were observed ( Fig. 7B and C, arrowheads). This structure closely resembled the pre-nuclear pores reported by Sheehan et al. (28) . A section tangential to the nuclear pore-like structures of the membrane patches (Fig. 7D) showthey consisted of representative structural components as reported elsewhere for nuclear pore complex (14, 25) . Eight multi-domain spokes to yield a doughnut hole in the double membranecan be counted on the pore indicated by arrow. Thus, the flattened membrane patches are suggested to be associated with the nuclear pore complex but it is uncertain whether the pores were completely constructed in the hemin-inhibited preparation. Fig. 8 shows the enlarged figure of an enfolded membranestructure. Several pores are also visible on the membranebut no difference was found from those that existed on the surface of the chromatin. Inhibition of the incorporation of the B-type lamin into sperm chromatins by hemin As shown in Fig. 9 , the amount of B-type lamin incorporated into the hemin-blocked chromatin was nearly the same or below the amount of B-type lamin incorporated into wheat germ agglutinin (WGA)-blocked chromatins. WGA prevents a portion of nuclear pore assembly from forming (7), resulting in the inhibition of uptake of the B-type lamin LIII through nuclear pores (5, 31) . Thus, the results of Fig. 9 indicated that the Btype lamin incorporation into the chromatins was severely inhibited by hemin. In the presence of hemin, the chromatin could reconstitute the double-layered nuclear envelope-like membranepatches but it did not incorporate the B-type lamin, suggesting some defects of (Fig. 10) . As reported by Philpott and Leno (26), nucleosome core formation is mediated by a gain of histones occurring at the decondensation step (this step was designated as the first stage of reconstitution in that report). The corresponding results (see Fig. 2 ) in which the addition of hemin inhibited the swelling of sperm chromatin but not its decondensation, indicate that hemin inhibits nuclear reconstitution after the step of decondensation.
Nuclear reconstitution did not progress in egg extract proteins using hemin-agarose beads at various concentrations (#) or mock-treated with agarose beads (Bio-Gel A) (BIO-RAD) at the same volumes as control (O) as described in Materials and Methods. After 2 h incubation, the formation of pseudonuclei was monitored employing Hoechst 33258 fluorescent staining procedure and determinedthe inhibition of nuclear reconstitution.
inhibition, hemin-binding proteins were separated using hemin-agarose affinity chromatography. Several hemin-binding proteins were isolated by the batch method from both the supernatant and pellet fractions of egg extract (Fig. 12, lanes 1 and 2) . Fig. 12 , lane 3 shows hemin-binding proteins recovered from the pseudonuclei fully reconstituted after 2 h incubation. The major hemin-binding proteins of high molecular weight of the pseudonuclei were those with molecular masses of 150, 140, 105, 60, 58, 57, 54, 51, 47 and45 kDa. On the basis of their molecular mass, we assumed that 140, 105, 54 and 47 kDa proteins were derived from the supernatant fraction and those of 60, 57, 51, 47 and 45 kDa were from the pellet fraction. The origin of the 150 and 58kDa proteins could not be identified. These proteins might have been actively transferred into the reconstituting nuclei because they were highly concentrated to the pseudonuclei although they were not major proteins in egg extract.
To determine when hemin-agarose binding proteins were transferred into the sperm chromatin, we examined the presence of hemin-binding proteins in sperm chromatin which were incompletely reconstituted. Incompletely reconstituted chromatin can be obtained by adding 10-fold excess number of sperm chromatin to the reconstitution system without use of inhibitors. As the componentsnecessary for nuclear reconstitution are depleted if excess chromatin are added, the chromatins cease their process of reconstitution. Under the condition used, most of the chromatin activity was terminated at the decondensation step. clear reconstitution in the Xenopus interphase egg extract presumably through interactions with several essential proteins. Because porphyrins are strongly hydrophobic, it is reasonable to assume that hemin is involved in hydrophobic interactions with these proteins in the nuclear reconstitution pathway. Based on the configuration and nucleosome structure of sperm chromatins incubated in egg extract containing hemin, we concluded that hemin inhibits nuclear reconstitution at the step of nuclear membranereconstitution during the swelling process but not at the step of decondensation. As shown in Fig. 4 , the sperm chromatins were likely to become fragile and tender under hemin inhibition. This abnormality became more pronounced as hemin concentration increased. This fragility might result in part from a deficiency in the continuous nuclear envelope formation. The reason for this deficiency has yet to be determined, but the lack of B-type lamin incorporation maybe related to the inhibition of continuous nuclear envelope formation. However, it has been shownthat chromatin with intact, continuous doublelayered nuclear membraneis formed in egg extract depleted of the B-type lamin LIII (23) or in the presence of WGA(7). As reported previously (31), we also observed that the double-layered nuclear membrane deficient of B-type lamin was continuous and showed no sign of fragmentation of nuclear membranein the nuclei reconstituted in the presence of WGA.Thus the lack of B-type lamin LIII incorporation alone might not result in the fragmentation of membraneobserved in this study. On the other hand, Lourim et al. (19) recently found that lamina structure formed in the Xenopus egg extracts is constituted from three B-type lamins (LI, LII, LIII) which are associated with different vesicle populations. In these lamin B species, lamin LIII is a major type. At present the detailed participation in the reconstitution of nuclear envelope in the egg extract remains to be determined. Thus, the process to produce the membranepatch structures might be studied further in the light of the participation of vesicle populations bearing different subtypes of B-type lamin on the reconstitution of nuclear envelope.
As manymembranepatches were found on the hemin-blocked chromatins, a part of essential process of the nuclear envelope reconstitution was impaired by hemin. Hemin intercalates into biological membraneand induces membrane disorder (10, 27) . Thus, the effect of hemin on the nuclear envelope reconstitution process maybe generated by the intercalation of hemin into the membrane vesicles of egg extract that were endowed to form nuclear membrane. Alternatively, since the flattened membrane patches and nuclear pores were formed under the inhibition by hemin, the nuclear membrane-associated proteins may be directly inhibited to work on the completion of nuclear envelope reconstitution by hemin. The fact that some of the hemin-binding proteins bound Con A seems to be important to verify the second possibility because several studies have demonstrated lectin binding to nuclear membrane (12, for review). Although we do not know the localization of these Con A-binding proteins in pseudonuclei, the step whenthe proteins are incorporated into chromatins shownin this study seems to suggest further their role in the reconstitution of nuclear envelope. Thus, future experiments will be especially aimed at correlating each hemin-binding protein with the nuclear envelopereconstitution process. In conclusion, results from this study provide evidence for the unique inhibitory effect of hemin and isolation of hemin binding proteins which accumulate in the pseudonuclei at the swelling step of nuclear reconstitution in egg extract. Understanding the role of these newtypes of proteins in nuclear reconstitution will clearly aid in further elucidating the process of nuclear reconstitution and the mechanismof nuclear function. In this line of study, experiments are presently under way to characterize the hemin-binding proteins incor-porated to the spermchromatins.
